Transcriptional cofactors are essential to the regulation of transforming growth factor b (TGFb) superfamily signaling and play critical and widespread roles during embryonic development, including craniofacial development. We describe the cleft secondary palate 1 (csp1) N-ethyl-N-nitrosourea-induced mouse model of nonsyndromic cleft palate (NSCP) that is caused by an intronic Prdm16 splicing mutation. Prdm16 encodes a transcriptional cofactor that regulates TGFb signaling, and its expression pattern is consistent with a role in palate and craniofacial development. The cleft palate (CP) appears to be the result of micrognathia and failed palate shelf elevation due to physical obstruction by the tongue, resembling human Pierre Robin sequence (PRS)-like cleft secondary palate. PRDM16 should be considered a candidate for mutation in human clefting disorders, especially NSCP and PRS-like CP.
INTRODUCTION
Non-syndromic orofacial clefts are among the most common human birth defects, occurring with a frequency of 1 -2 per 1000 newborns, largely dependent on geographical origin, racial and ethnic background and socioeconomic status (1) . Isolated cleft palate (CP) and cleft lip (CL) with or without CP (CL/P) are believed to be genetically and developmentally distinct defects that exhibit complex inheritance. CP occurs with a birth prevalence of about 1 in 1500 births (1) . In addition to intrinsic palate defects, CP may occur as a consequence of abnormal developmental events that do not primarily involve the palate, such as micrognathia and respiratory distress due to glossoptosis observed in the Pierre Robin sequence (PRS) (OMIM 261800) (2) . Isolated CP has a complex etiology, and to date only three loci with significant association have been identified, Chr. 2p13 (TGFa) (3), Chr. 2q32 (SATB2) (4) and TBX22 (5, 6) . TBX22 mutations cause X-linked CP with ankyloglossia (CPX) and are one of the most common causes of CP (5, 7, 8) . Mutations in human and mouse SATB2 and SOX9 cause PRS-like clefting (4,9 -12) . Suggestive linkages to 1p34, 2p24 -25 and 12q21 were identified in a Finnish population, which has a much higher CP incidence (1/1000 live births) (13) . Identifying the genetic basis for the remainder of non-syndromic orofacial clefting cases remains a challenge. Candidate loci for human clefting have been proposed on the basis of known syndromic clefting loci and mouse models of clefting that are the result of spontaneous, targeted, insertional or chemical mutagenesis. At least 175 mouse loci have been reported to include CP as a component of their mutant phenotype (Mouse Genome Informatics, http://www.informatics.jax.org), as have deletions and duplications of every human chromosome, suggesting that clefting is a common endpoint for many developmentally disruptive events.
The mandible is derived at embryonic day (E) 11.5 from early cranial neural crest cells that comprise the ectomesenchyme of the mandibular component of the first branchial arch. The caudal (aboral) part gives rise to Meckel's cartilage (reviewed in 14). Meckel's cartilage first appears at E12. 5 and later serves as a template cartilage upon which the mandible bone develops. Bone begins to form at around E13.5 through intramembranous ossification, which proceeds in a proximo-distal direction to lengthen the mandible. Proximally, the secondary cartilages, coronoid, condylar and angular, undergo endochondral ossification and help to form the proximal part of the mandible. The forward extension of Meckel's cartilage and subsequent outgrowth of the mandible is thought to be critical to the coordinated downward movement of the tongue within the oral cavity to allow the elevation and fusion of the palate shelves. Therefore, developmental † Present address: Wadsworth Center, New York State Department of Health, Albany, NY 12201, USA. defects affecting any of these processes, including mandibular defects such as micrognathia observed in PRS, may physically interfere with normal palate shelf movement and result in CP. Several mouse gene mutations have been identified that result in mandible defects, including many affecting transforming growth factor b (TGFb) superfamily signaling (15 -22) .
The influence of TGFb family members during orofacial development has been clearly demonstrated in mouse and human (20, (23) (24) (25) (26) (27) (28) (29) . This broad family of growth factor ligands includes various forms of TGFbs, activins and BMPs that bind heterodimeric transmembrane serine/threonine kinase receptors. Propagation of signals occurs via receptor-activated SMADs (R-SMADs), which associate with Co-SMADs and translocate to the nucleus where they regulate transcription of downstream target genes. The intrinsic DNA-binding ability of Smads is weak, and interaction with transcriptional co-activators and co-repressors is essential for high affinity binding to promoter DNA; this likely mediates the cell-and tissue-specific effects of TGFb signaling (reviewed in 30) .
In humans, PRDM16 is the paralog of myelodysplastic syndrome 1/ecotropic viral integration site 1 (MDS1/EVI1) and has homologous zinc finger DNA-binding domains (7 and 3 C 2 H 2 -type zinc fingers, respectively) and positive regulatory (PR), repressor and acidic domains (31) . Translocations resulting in increased expression of isoforms of PRDM16 or EVI1 that lack the PR domain are common causes of myelodysplastic syndrome or acute myeloid leukemia (31, 32) . Prdm16 is expressed in murine embryonic orofacial tissue and, like Evi1, has the ability to bind SMADs in vitro (33); therefore, Prdm16 is likely to play a similar downstream regulatory role in mediating TGFb signaling. Prdm16 has been recently shown to direct brown fat differentiation and also plays a critical role in regulating the switch between smooth muscle and brown adipose tissue in common Myf-5-expressing progenitor cells (34, 35) . In this report, we describe the cleft secondary palate 1 (csp1) mouse model of human PRS-like cleft secondary palate that is caused by an intronic mutation that affects normal splicing of Prdm16. A gene trap allele of Prdm16 fails to complement the csp1 mutant phenotype. Our analysis suggests that the mechanism of clefting in csp1 mutants is impaired palate shelf elevation, likely due to palate-extrinsic factors. Prdm16 expression is consistent with a presumptive role in TGFb superfamily signaling in craniofacial structures, including the primary and secondary palates, Meckel's cartilage and teeth, in addition to other non-craniofacial structures, and we show that expression of TGFb pathway molecules is perturbed in vivo in the absence of Prdm16.
RESULTS

Characterization of cleft secondary palate in csp1 mutant mice
The csp1 mutation was identified in a screen of N-ethyl-N-nitrosourea (ENU)-mutagenized mice for late embryonic recessive mutant phenotypes likely to model human congenital abnormalities (36) . Newborn homozygous csp1 mutant pups were identified as having a wide cleft of the secondary palate and abnormal positioning and morphology of the tongue with no obvious additional gross phenotypic abnormalities (Fig. 1B , C, E and F). Primary palate formation appears normal. Mutant pups are born alive but die within 24 h, exhibiting gasping, signs of respiratory distress and extremely distended abdomen in which the stomach and intestines become filled with air, as is commonly seen in newborn mice with cleft secondary palate (Fig. 1A) . The CP phenotype occurs with virtually complete penetrance in mutant csp1 pups, and 6% of heterozygous animals exhibit CP. The CP penetrance in homozygous csp1 mice drops to 9% (4/45 pups) after four generations of backcross onto the C57BL/6J strain. Interestingly, 93% of these mutants still die shortly after birth due to respiratory failure, suggesting an additional role for Prdm16 in the respiratory and/or circulatory systems. Some incidence of posterior submucous CP is evident in these pups.
To investigate the nature of the CP in csp1 mutants, we performed a histological analysis at multiple stages of palate development. In mice, lip fusion is complete by E11.5. Secondary palate development begins with palate shelf outgrowth from the maxillary prominences at E12.5. This is followed by downward growth along either side of the tongue and then concurrent rapid shelf elevation and flattening of the tongue at approximately E14. Fusion occurs between the medial edge epithelium (MEE) of the two palate shelves through a combination of epithelial -mesenchymal transformation, cell migration and apoptosis (37 -39) . Whereas apposition and fusion of the palatal shelves at the midline occurs by E14.5 in most mouse strains, palate development appears delayed by a day in wild-type FVB/NJ mice. Primary palate formation and secondary palate shelf formation and outgrowth appear normal in csp1 mutants relative to their wild-type littermates at E13.5 ( Fig. 1H and L) . By E14.5 -E15, a specific defect in palate shelf elevation is evident and persists to birth, and the tongue remains elevated within the oral cavity (Fig. 1I -K 
and M -O).
We examined skeletal preparations of newborn wild-type and mutant csp1 pups to address whether the mechanism by which palate shelf elevation is disrupted is due to a primary defect intrinsic to the palate shelves or due to secondary influences, such as physical obstruction by the tongue or by crowding caused by abnormal craniofacial bone development, as seen in humans with the PRS (OMIM 261800). Mutants show unfused palatine bones ( Fig. 2B and E) and shortened and narrowed snout, including the nasal and maxillary bones and nasal cartilage ( Fig. 2A and D) . Mutants also showed variable mandibular hypoplasia, accompanied by abnormal curvature (Fig. 2J and K) , with a disproportionate reduction in the size of the anterior body of the mandible (Fig. 2P and Q) . All other craniofacial structures appear morphologically normal despite the variable reduction in overall size. We performed in vitro suspension palate culture to determine whether csp1 mutant palate shelves are capable of elevation and fusion in the absence of the tongue and mandible (40) . csp1 mutant palate shelves were elevated in this assay, although fusion was variable (Supplementary Material, Fig. S1 ). These data suggest that the palatal shelf elevation defect observed in csp1 mutants is secondary to physical obstruction by the tongue and/or reduced size of craniofacial bones. We looked at early craniofacial skeletal development in csp1 mutants, and the anterior shortening of Meckel's cartilage and mandible is evident at E14.5 ( Fig. 2L and M) and E15.5 ( Fig. 2N and O) . Premature ossification of the early mandible is apparent in mutants as well.
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A mutation in Prdm16 causes the csp1 mutant phenotype
The csp1 mutation was originally localized to distal mouse chromosome 4 (36) . High-resolution analysis of affected recombinant mutants refined the csp1 mutation to an approximately 550 kb interval containing five candidate genes. Coding sequences for each candidate gene were screened for mutations by comparison of reverse transcriptase (RT)-PCR products amplified from total RNA isolated from wild-type and csp1 newborn heads. One primer pair from the Prdm16 gene amplified an alternate small RT -PCR product in addition to the wild-type product in RNA samples obtained from multiple csp1 mutant mice (Fig. 3B ). Direct sequencing of these RT -PCR products revealed the small product to be derived from a mutant transcript in which exon 7 is absent. The consequence of this aberrant splicing event is a frame-shift leading to premature termination of PRDM16 within exon 8 and inclusion of 46 out-of-frame amino acids. If stable, the resultant truncated protein would include the PR domain and the first zinc finger of DBD-1; however, no shortened protein is detectable by western analysis, suggesting this mutant peptide is unstable (Fig. 3A) .
Prdm16 consists of 17 exons spanning approximately 325 kb of genomic DNA. The Prdm16 transcript contains 4394 nucleotides and an open-reading frame that encodes a 1277 amino acid protein (Fig. 3A) (31) . No mutations were detected in Prdm16 coding sequences; however, analysis of the sequence flanking the affected exons revealed a cytosine (C) to adenosine (A) mutation within intron 6 at the base-pair position immediately preceding the invariant AG-dinucleotide splice acceptor site (Fig. 3C) . The decreased, but not abrogated, splicing efficiency at exon 7 is explained by the replacement of a frequently occurring C at this position in mammalian splice acceptor sites to a rarely occurring A (41) . The influence that this mutation has on efficiency is likely variable and may contribute to phenotypic variability that we see in csp1 homozygous and heterozygous mice.
To validate an etiologic role for Prdm16 in the ENU-induced csp1 mutant line, we analyzed the Prdm16 Gt683Lex strain, which carries an SA-bgeo-PGK-Btk 1st exon-STOP-SD gene trap insertion within the first intron of Prdm16. Newborn homozygous Prdm16
Gt683Lex mutant pups exhibit a gross phenotype virtually identical to homozygous csp1 mutants ( Fig. 1D and G) . In a complementation 
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Gt683Lex/þ doubly heterozygote newborn pups (n ¼ 5) had CP and additional anomalies, identical to those seen in the csp1 and Prdm16
Gt683Lex homozygous mutant phenotype. These observations confirm causality for the Prdm16 exon 7 splicing mutation in csp1 mutants.
We generated polyclonal antibodies against peptides corresponding to the N-terminal and middle regions of PRDM16 (Fig. 3A) and performed western blot analysis to measure PRDM16 expression in csp1 and Prdm16
Gt683Lex mutants (Fig. 6A) . Western blot data using the middle-specific anti-PRDM16 antibody are shown. In nuclear lysates from Gt683Lex mutants exhibit craniofacial skeleton defects with anterior-specific mandibular hypoplasia. (A-I) Abnormalities in the craniofacial skeleton in newborn csp1 mutants are evident in dorsal (A, D and G) and ventral (B, E and H) views of Alcian blue/Alazarin-stained heads. In addition, hypoplasia of the mutant tympanic rings is evident (C, F and I). Newborn mutants show failure of palatine bone fusion (white arrows in B, E and H), variably shortened frontonasal region (D and G) and abnormal nasal cartilage formation (black arrows in A, B, D and E) and shortening and abnormal curvature of the anterior mandible (black arrowheads in J and K). Anterior shortening of Meckel's cartilage is evident early during craniofacial bone formation at E14.5 (L and M) and E15.5 (N and O). In addition, csp1 mutant mandibles appear smaller than wild-type counterparts, and ossification appears to be more robust. Morphometric analysis using measurements of the posterior (P in P) and anterior (A in P) aspects of newborn csp1 (n ¼ 14), heterozygous (n ¼ 5) and wild-type (n ¼ 7) mandible bones, followed by calculation of the posterior:anterior (P/A) ratios, detects an anterior-specific mandibular hypoplasia (Q). P/A ratios were significantly greater in csp1 mutants (mean: 1.802, standard deviation: 0.050) compared with wild-type (mean: 1.687, standard deviation: 0.056) and heterozygous pups (mean: 1.688, standard deviation: 0.066) using ANOVA (P , 0.0001). In the chart (Q), the double asterisk designates statistical significance, and horizontal lines denote the means for each genotype class.
Human Molecular
wild-type and mutant Prdm16 Gt683Lex E14.5 heads, there is complete loss of protein products in the mutant that are consistent in size with those detected in lysates from HepG2 cells transfected with epitope-tagged PRDM16 expression constructs. With longer exposure, detectable levels of these protein products become apparent in csp1 mutants (Fig. 6A ). This is consistent with the Prdm16
Gt683Lex allele being a null mutation and the csp1 allele hypomorphic. The two antibodies show specificity for the full-length, PR-containing (FL) and short, PR-minus (S) isoforms in vitro, but it is unclear whether additional protein products showing reduced levels in mutant lysates are the result of endogenous alternative Prdm16 transcripts, posttranslational modifications or degradation products.
Prdm16 expression during mouse embryonic development
We utilized in situ hybridization to characterize the spatial and temporal expression pattern of Prdm16 during mouse embryonic development. We also analyzed b-galactosidase activity via 5-bromo-4-chloro-3-inodyl-b-D-galactopyranoside (X-gal) staining of embryos from the Prdm16
Gt683Lex strain. Prdm16 expression in the otic vesicle, lens of the eye, limb buds, craniofacial primordia and neural tube is evident by E9.5 (data not shown). By E11.5, strong expression is observed in the forebrain, hindbrain, choroid plexi within the brain ventricle, lens and retina of the eye, mesenchyme of the medial and lateral nasal prominences, maxillary and mandibular prominences, otic vesicle, limb bud mesenchyme, somites, cranial and peripheral nerves and the left ventricle of the heart ( Fig. 4A and D) . As development continues, expression is seen in developing cartilage, epithelium-lined structures of the nervous, respiratory, circulatory and digestive systems and developing muscle (data not shown). In the developing limbs, we observe a gradual restriction of Prdm16 expression from the mesenchyme of the limb bud (E9.5-E11.5) to the presumptive cartilage condensation of the limb ) heads. An aberrant short splice product (red arrow) produced by exon 7 skipping is observed in csp1 mutants, but not in wild-type pups, in addition to the wild-type splice product (red arrow). (C) A recessive C-to-A mutation in the base pair preceding the AG-dinucleotide of the exon 7 SA is permissive for normal splicing with variably reduced efficiency in csp1 mutants.
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Human Molecular Genetics, 2010, Vol. 19, No. 5 digits (E12.5) to the perichondria surrounding the bones and joints of the digits (E13.5 -E15.5). Expression is also evident within the knee joint (Supplementary Material, Fig. S2 ), and it is also seen in craniofacial cartilage, including Meckel's cartilage, bones of the inner ear, nasal cartilage and calvarium. Expression persists in the forebrain, choroid plexus epithelium, as well as in Rathke's pouch and the pituitary gland. Cranial and spinal ganglia and associated neurons, including the facial acoustic and trigeminal ganglia, show Prdm16 expression as well (Fig. 4A , B, D and E). Expression within the developing palate shelves is strongest in mesenchymal cells and appears strongest in the anterior secondary palate, primary palate and upper incisors ( Fig. 4C and F) . While Prdm16-bgeo reporter expression appears more intense, it is consistent with the endogenous Prdm16 expression pattern visualized via in situ hybridization.
Prdm16 is expressed in the palate, tongue, teeth and Meckel's cartilage during mouse embryonic orofacial development
During mouse palate development, Prdm16 reporter expression is evident primarily in the mesenchyme of early secondary palate shelves through palate shelf outgrowth, elevation and fusion at E13.5 -E14.5 (Fig. 5 ). Prdm16 is expressed in a posterior-to-anterior gradient of increased expression within the palate shelves (Supplementary Material, Fig. S3 ). Prdm16 is also expressed in chondrocytes of Meckel's cartilage and surrounding perichondrium, tongue musculature, salivary ducts and glands and mesenchyme of the molar and incisor teeth, consistent with abnormal phenotypes described previously. Prdm16 is detected at higher levels on the oral side of the palate shelves and in the hinge region ( 
Prdm16 negatively regulates TGFb signaling in vitro
To examine the role of PRDM16 in TGFb signaling, we utilized an in vitro assay to measure TGFb signaling activity. EVI-1, the PRDM16 paralog, has been shown to be a negative regulator of TGFb signaling using the 3TP-lux TGFbresponsive luciferase reporter (42) . We used this reporter in HepG2 and Mv1Lu cells to determine whether PRDM16 plays a similar inhibitory role on TGFb signaling. We tested three isoforms of PRDM16: the PRDM16 FL, PRDM16 S, whose N-terminus begins at ATG597, and CSP1, the truncated protein product predicted to result from the csp1 mutant allele (Fig. 3A) . To date, we have not conclusively detected the PRDM16 S isoform in the mouse, but since its activated overexpression in human results in AML, we included it in our analyses (31, 32) . Immunocytochemical analysis of transfected Mv1Lu cells using an anti-V5-tag antibody verified the normal nuclear localization of transfected PRDM16 isoforms, with the exception of CSP1, which was localized to all cellular compartments, thereby defining a nuclear localization signal downstream of the csp1 mutation in the second Zn finger of DBD1 (Fig. 6B) .
Expression of PRDM16 FL or S isoforms markedly inhibits TGFb activity in HepG2 and Mv1Lu cells (Fig. 6C and D) . These data are similar to those observed in the analysis of MDS1/EVI1 and EVI-1, in which both forms have a repressive effect on TGFb signaling (43, 44) . Overexpression of the truncated Prdm16 csp1 protein product failed to inhibit TGFb signaling efficiently (Fig. 6C and D) . These results are somewhat counterintuitive, as it is known that the PR-containing and PR-minus forms of EVI1 can exert opposing effects on the transcriptional regulation of downstream target genes (44, 45) . It is likely that the availability of co-activators and co-repressors within a specific cell type is critical to the regulation of TGFb signaling by PRDM16 and EVI-1, given that in vitro studies measuring TGFb responsiveness show only inhibitory effects. Despite this, these results indicate that PRDM16 isoforms can antagonize TGFb signaling, and this regulation is abrogated by the csp1 loss-of-function mutation.
Loss of Prdm16 results in reduced TGFb signaling during craniofacial development
To follow up our investigation of the regulatory role for PRDM16 during TGFb signaling, we examined the consequence of loss of Prdm16 on key molecules in the TGFb pathway by the immunohistochemistry of embryonic craniofacial structures ( Fig. 7; Supplementary Material, Fig. S4 ). We used antibodies against TGFb ligands (TGFb2 and TGFb3), against the activated regulatory SMADs (Phospho-SMAD2 and Phospho-SMAD1, 5 and 8) and against the TGFb-specific inhibitory SMAD (SMAD7). Protein expression for each of these molecules is evident in regions affected by loss of Prdm16 in csp1 and gene trap null mutant embryos, including the palate shelves, tongue, Meckel's cartilage and its surrounding perichondrium, salivary glands and ducts and teeth ( Fig. 7A -F; Supplementary Material, Fig. S4A -F, J and M). Specifically, Prdm16
Gt683Lex gene trap reporter expression overlaps with these TGFb molecules in Meckel's cartilage and surrounding perichondrium and in a defined region at the base 
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of the tongue in close proximity to the invaginating oral sulci, the salivary ducts and undifferentiated mesenchyme superior and medial to Meckel's cartilage perichondrium ( Fig. 5A  and D) . Of note, given the Meckel's cartilage/mandible and tongue defects observed in Prdm16 mutants, is that expression of TGFb2, TGFb3, Phospho-SMAD2, Phospho-SMAD1, 5, 8
and SMAD7 is dramatically decreased in the gene trap null embryos in these structures ( Fig. 7G -I ; Supplementary Material, Fig. S4G -I, N, O) . We also observe a subtle decrease in fluorescent intensity in the palate shelves of gene trap mutants ( Fig. 7D -I (Fig. 3A, gray) . Comparison of protein products detected in nuclear lysates isolated from HepG2 cells transfected with N-terminal V5-tagged PRDM16 FL and S isoform-and LacZ control-expressing plasmids using an anti-V5 antibody (black arrows on left) with the protein products detected from the same lysates using the anti-PRDM16 Mid antibody (red arrows, right) shows that the anti-PRDM16 antibody binds PRDM16 specifically. Western blot analysis of PRDM16 expression in Prdm16 loss-of-function mutants shows loss of endogenous PRDM16 in Prdm16
GT683Lex and csp1 homozygous mutants in nuclear lysates isolated from wild-type and mutant embryonic head tissue. The doublet (black arrows on right) present in wild-type samples that disappears in the mutant samples is most consistent with the PRDM16 FL isoform and may represent post-translational modification of PRDM16 in vivo. Strong bands in the middle of this blot are cross-reacting background bands consistently observed when using this antibody. (B) V5-tagged LacZ, Prdm16FL, Prdm16S and Prdm16 csp1 expression plasmids transfected into Mv1Lu cells show localization of PRDM16 isoforms to the nucleus, but this subcellular localization is abolished in the truncated CSP1 mutant protein. HepG2 cells (C) and Mv1 Lu cells (D) were co-transfected with pRL-TK, p3TP-Lux and plasmids expressing LacZ (control), Prdm16FL, Prdm16S or the Prdm16 csp1 mouse mutant. Relative luciferase activity (RLA) was measured (Firefly luciferase: Renilla luciferase ratio) in the presence (black) or absence (gray) of TGFb1. In both cell lines, both wild-type PRDM16 isoforms strongly inhibited TGFb signaling, whereas CSP1 fails to abrogate TGFb signaling. RLA values and error bars represent the means and standard deviations, respectively, for three separate experiments.
Prdm16 mutations cause additional non-craniofacial phenotypic anomalies consistent with Prdm16 expression
In addition to the palate, Meckel's cartilage, mandible and tongue defects described, detailed examination of csp1 mutants uncovered additional abnormalities in the nervous system, heart, lungs and eye that are consistent with the expression pattern of Prdm16 that is revealed by the reporter in heterozygous gene trap mutant embryos (Fig. 8) . Severe choroid plexus hypoplasia is evident in the brain ventricles, which corresponds to our observation of intense reporter expression in choroid plexi epithelia (Fig. 8A-C) . Severe hypoplasia of the submandibular and sublingual salivary glands and ducts is evident and consistent with Prdm16 expression ( Fig. 8D -F; Supplementary Material, Fig. S3A and E). Abnormal retinal folds of variable severity are observed in the eye postnatally, consistent with Prdm16 expression in the retinal pigment epithelium and retina (Fig. 8G -J) . The lungs appear reduced in size compared with wild-type, and histologic defects are apparent at just before birth (E19.5), consistent with Prdm16 expression in the lung epithelium (Fig. 8K-N) . Finally, ventricles of the heart appear grossly abnormal and reduced in size, often exhibiting a cleft at their apex, corresponding to the ventriclespecific Prdm16 expression that is restricted to the left ventricle starting at about E10.5 and broadening to the entirety of each ventricle by P0 (Fig. 8N, Q-T) . Preliminary histologic examination failed to identify obvious structural defects in the cardiac septa, valves or major blood vessels.
DISCUSSION
In this study, we have identified an ENU-induced single basepair mutation in the zinc finger transcription factor Prdm16 that causes recessive CP in csp1 mice. An aberrant transcript, resulting from the perfect skipping of exon 7, creates a frameshift and premature termination of PRDM16. The splicing defect is not complete, in that wild-type transcript can be amplified from homozygous csp1 mutant RNA. This incomplete splicing defect reflects a reduction in splicing efficiency that is likely explained by the nature of the C-to-A change at the base pair immediately adjacent to the invariable AG-dinucleotide splice acceptor site of exon 7 (reviewed in 41). Our data suggest that this is a strong loss-of-function mutation.
The most obvious phenotype in homozygous csp1 mutants is CP due to failed palate shelf elevation. The tongue remains elevated, and it is difficult to determine whether this is the result of an intrinsic tongue defect, crowding due to abnormal development of the orofacial region or merely due to increased freedom of movement subsequent to the cleft. Gt683Lex gene trap null mutant (gt) (G-I) E13.5 embryos. Expression of each protein in wild-type embryos is evident in secondary palate shelves (ps), tongue (T), Meckel's cartilage (white ovals in A-I), molar teeth (white arrows) and the undifferentiated mesenchyme between the oral sulci (white asterisks) at the sides of the tongue and the perichodrium surrounding Meckel's cartilage which contains the salivary ducts (sd) (A-F). A dramatic reduction in protein expression levels for each protein is observed in Prdm16
Gt683Lex mutants in and around Meckel's cartilage and the region near the base of the tongue, consistent with the mandibular and salivary gland hypoplasia and gross tongue abnormalities observed in these mutants.
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Human Molecular Genetics, 2010, Vol. 19, No. 5 Figure 8 . Additional phenotypic abnormalities in csp1 and Prdm16 Gt683Lex mutants correlate with Prdm16 expression. Prdm16 is expressed in choroid plexi epithelium (A), and csp1 mutants exhibit dramatic choroid plexi hypoplasia (B and C). Prdm16 is expressed in the developing salivary glands (black arrowheads in D), and csp1 mutants have severe salivary gland hypoplasia (E and F). csp1 mutants exhibit abnormal retinal folds of variable severity (H-J). Although in situ hybridization shows that endogenous Prdm16 is expressed in the retina in increasingly high levels as embryos progress to birth (data not shown), the Prdm16 gene trap reporter expression is only very weak in the retina, and strong in the pigmented layer of the retina (rpe) (G). We cannot explain this inconsistency. We observe histologic abnormalities in lungs of late embryonic (E19.5) mutants embryos (L and M) and general lung hypoplasia (O and P) when compared with wild-type embryos accompanied by Prdm16 expression in the lung and airway epithelium (K and N). Prdm16 expression in the heart is primarily restricted to the left ventricle as early as E10.5 (N, E13.5 ventral view) and gradually becomes expressed throughout the ventricles, evident postnatally (Q, P3 shown). This expression pattern correlates with gross cardiac ventricular hypoplasia (S), which is more severe in Prdm16
Gt683Lex mutants that can exhibit a severe cleft between the ventricles as shown (white arrowhead in T). Lu (lung), LV (left ventricle), RV (right ventricle).
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CP stemming from failed palate shelf elevation can result from both palate-intrinsic and -extrinsic causes. Jag2, Irf6 and Fgf10 null palate shelves fail to elevate due to aberrant fusion of MEE to tongue and oral epithelia (24, 28, 46) . The Foxf2 null mouse mutation and human TBX22 mutations (CPX) cause CP, in large part due to tongue anomalies that impair normal coordinated movement of the tongue, preventing elevation, apposition and fusion (5, 7, 8, 47) . In addition, Gli3 null mutants were recently reported to have highly penetrant CP on a C57BL/6 strain background due to improper positioning of the tongue in the absence of Meckel's cartilage and mandibular hypoplasia (48) . The human condition most similar to the csp1 mutant phenotype is PRS, characterized by CP secondary to micrognathia and glossoptosis (OMIM 261800). A primarily non-palate-specific mechanism of clefting in csp1 mutants is consistent with our observation that mutant palate shelves are able to elevate and fuse in in vitro suspension palate culture experiments. The mandible and frontonasal region of csp1 mutants are often narrow and shortened, and the tongue remains elevated in the oral cavity above the palate shelves. Abnormal morphology and abundant Prdm16 expression within Meckel's cartilage, craniofacial cartilage and tongue, in addition to the palate shelves, support a palate-extrinsic role for Prdm16 during palate elevation.
Prdm16 is also expressed in craniofacial musculature and cranial and spinal ganglia, and it is notable that a mouse mutant deficient in skeletal muscle and loss of spinal and cranial motor neurons exhibits a small mandible and CP (49) . It is clear from mouse models that many TGFb superfamily signaling pathway molecules play critical roles in most aspects of craniofacial and secondary palate development (20,25 -27,29,50) . In addition to mouse mutations in Hoxa2, Egfr and the dominant Dmm allele of Col2a1 (51 -53), TGFb superfamily signaling is critical to normal Meckel's cartilage and mandible development. Many reported mutants exhibit generalized hypoplasia of Meckel's cartilage and mandible or severe proximal-or distal-specific insufficiencies. Tgfb2 null mutants show mandibular hypoplasia and obvious proximal defects, conditional loss of Bmp4 in mandibular ectoderm causes dramatic mandible defects with anterior aspects most severely affected, whereas increased BMP activity resulting from the loss of BMP antagonists, Chordin (Chd) and Noggin (Nog) causes variable defects ranging from the absence of the anterior mandible to complete agnathia (17, 20, 21) . Complete or conditional inactivation of Ctgf, a downstream modifier of TGFb signaling, and the TGFb/ activin receptors, Alk5, Tgfbr2 and Acvr2a, results in mandibular hypoplasia with primarily proximal-specific Meckel's cartilage and mandible defects that lead to CP (16, 18, 19, 22) .
Less severe anterior-specific Meckel's cartilage and mandible defects similar to the mandible phenotype observed in csp1 mutants result from the conditional ablation of the type I BMP receptor Alk2, but there is likely crosstalk between different gene types and major signaling pathways (15) . For instance, the Aristaless-like homeobox genes, Alx3, Alx4, Prx1 and Prx2, are expressed in the distal-medial mandibular arch, and decreasing dosage of these genes in Alx3/Alx4 and Prx1/Prx2 double-mutants exhibit anterior-specific truncation of Meckel's cartilage and the mandible, among other craniofacial skeletal anomalies (54, 55) . Similarly, single and double mutants for Hand1/Hand2 transcription factors and Snail1/ Snail2 exhibit anterior-specific mandibular hypoplasia reminiscent of csp1 mutant mandibles (56, 57) . Finally, haploinsufficiency of Satb2 and Sox9 demonstrates a requirement for these genes in anterior Meckel's cartilage and mandible development and in the etiology of PRS-like CP in mice and humans (4,9 -12,58) .
The function of PRDM16 can potentially be inferred from studies of its paralog EVI1. EVI1 is a zinc finger transcription factor that binds (GATA)n sequences and acts as a bi-functional regulator of transcription in the TGFb signaling pathway (59, 60 ). An intergenic splicing event that involves the MDS1 and EVI1 genes produces the MDS1/EVI1 gene product; this differs from EVI1 by the addition of a PR domain to its N-terminus (61) . The PR domain is proposed to be involved in the regulation of protein -protein interactions and chromatin-mediated gene expression, similar to the SET domain in Drosophila (62,63). These two protein isoforms can have opposing effects, and EVI1 can repress transcriptional activation mediated by MDS1/EVI1, although these opposing effects on transcription are not universally observed, possibly due to the use of different cell lines (43, 45, 64) . EVI1 was first shown to repress TGFb signaling via physical interaction with SMAD3 through its repressor domain (65, 66) , and further studies have demonstrated the ability to interact with all SMADs (64) . The Evi1 null phenotype and its expression pattern are consistent with a regulatory role in TGFb signaling and in the repression of TGFb-mediated inhibition of cell proliferation (67, 68) . We predict an overlapping but unique role for Prdm16. Recent reports describing a similar broad SMADbinding ability for PRDM16 and the inclusion of consensus target DNA-binding sequences for PRDM16 DBD-1 and DBD-2 within known consensus sequences for EVI1 support this prediction (33, 60, 69, 70) .
Our results suggest that Prdm16 can affect embryonic craniofacial development through the modulation of TGFb signaling. We have demonstrated that Prdm16 negatively regulates TGFb signaling in vitro using a TGFb-responsive reporter assay. These assays do not necessarily reflect the effect on TGFb signaling during embryonic development, which may be inhibitory or excitatory depending upon the presence of specific Smads and transcriptional cofactors. Thus, although Prdm16 has a negative effect on TGFb signaling in vitro, and a Prdm16 loss-of-function mutation restores TGFb activity, the in vivo developmental consequences seen in csp1 and Prdm16
Gt683Lex mutants are likely due to an overall decrease in TGFb pathway function, as their palate and craniofacial phenotypes are consistent with those observed in many TGFb superfamily gene loss-of-function mouse mutants. Moreover, activated or repressed levels of TGFb activity in vivo may disrupt the delicate balance between cell proliferation and differentiation in a temporally and spatially dependent manner with similar developmental consequences. One prime candidate for an in vivo downstream target of Prdm16 is Smad7. We hypothesized that Prdm16 loss-of-function mutations could relieve Smad7 repression and perpetuate Smad7 activity and negative feedback on TGFb signaling. Our analysis of TGFb2 and TGFb3 ligand expression and TGFb/activin and BMP pathway activity, as measured by Phospho-SMAD2 and Phospho-SMAD1, 5, 8
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Human Molecular Genetics, 2010, Vol. 19, No. 5 expression, respectively, identified a specific downregulation of these TGFb signaling molecules in tissues within the mandible that are most dramatically affected by the absence of Prdm16. We found that SMAD7 expression was also reduced in these structures, contrary to our hypothesis that SMAD7 expression levels would increase in the absence of PRDM16-mediated transcriptional repression. Since SMAD7 expression is induced in the presence of TGFb to initiate a negative feedback on TGFb levels, and we observed dramatically decreased levels of TGFb pathway molecules, it is possible that SMAD7 expression is not induced in these cells. Interestingly, we have identified rare PRDM16 sequence variants in three NSCL/P patients, one of which disrupts a putative MAPK phosphorylation site and abrogates normal repression of TGFb signaling by PRDM16 in vitro (B.C.B., Vieira et al., manuscript in preparation). It will be important to undertake similar genetic analyses of PRS-like CP cases to uncover a potential role for PRDM16 in the etiology of PRS-like CP.
MATERIALS AND METHODS
Derivation and genotyping of mutant mice csp1 mice were originally generated by ENU mutagenesis of BALB/c mice, and the mutant locus mapped to distal chromosome 4 (line 27) (36). Genetic fine-mapping of recombination events in affected newborn pups was performed using a combination of characterized and novel microsatellite markers. The affected recombinant interval was narrowed to a 550 kb region between novel markers oBB96/97 and oBB120/121. We screened the coding sequences of the five genes within this interval, Trp73, Wdr8, Megf6, Arhgef16 and Prdm16, for causative mutations by direct sequencing of RT -PCR products derived from wild-type or csp1 mutant total RNA derived from P0 heads. The csp1 mutation described in Results was the only mutation identified, was confirmed in multiple mutants and is not present in the parental BALB/c strain. csp1 mice were outcrossed to FVB/NJ mice for at least eight generations and are now maintained by intercross matings. csp1 mice were outcrossed to C57BL6/J mice for four generations to explore strain-specific phenotypic variability. Genotyping was performed by PCR using primers that flank the intron 6 csp1 mutation, followed by HindIII restriction enzyme digestion and electrophoresis through 2% agarose gel to visualize the RFLP created by the csp1 single base substitution. The Prdm16
Gt683Lex mutant mouse strain was generated by Lexicon Genetics, Inc. and obtained via the Mouse Mutant Resource Repository Center (MMRRC) at the University of California-Davis. They were maintained on a mixed 129SvEvBrd Â C57BL/6J mixed strain background by intercross matings. Genotyping was performed as described (http ://www.mmrrc.org/strains/11760/011760.html). Complementation tests were performed by examination of F1 progeny generated from heterozygous csp1 Â heterozygous Prdm16
Gt683Lex matings for the presence of CP at birth. Embryos were genotyped using genomic DNA isolated from the yolk sac tissue, and mutant embryos older than E14.5 could be distinguished by the presence of CP. All animals were housed in accordance with the Harvard Medical School ARCM regulations. Timed matings were monitored by examination of females for the presence of a vaginal plug each morning: noon on the day the plug was identified was considered E0.5.
In vitro suspension palate culture
To examine palate shelf elevation, E13.5 embryos from timed csp1 heteterozygous intercross matings were harvested. Heads were separated from the bodies, and the mandibles, tongues and brains were removed before placing groups of five to six heads in 50 ml glass bottles (Wheaton) filled with 8 ml BGJb medium (Gibco) supplemented with 1% penicillinstreptomycin and sealed with aluminum caps with rubber seals following the protocol reported by Shiota et al. (71) . In brief, bottles were flushed with 5% CO 2 /95% O 2 medical gas mixture for 2 min every 24 h and media was changed only upon observing an obvious color change. Bottles were incubated at 378C while rolling at approximately 20-25 r.p.m. on a bottle roller (Wheaton) for about 3 days. Palate shelf elevation and fusion were evaluated after 3 days of culture, and the tissue was removed from each head for genomic DNA extraction and genotyping.
Skeletal preparations and mandible measurements
Newborn wild-type and csp1 mutant embryos were collected, skinned and eviscerated before placement into 95% ethanol for at least 1 day. All steps were performed with slow rocking at room temperature. Ethanol was replaced with Alcian blue staining solution (0.03% Alcian blue, 80% ethanol, 20% acetic acid) for 2 -3 days, followed by a 6 -12 h wash in 95% ethanol. Ethanol was replaced with 2% KOH solution for 24 h or until the tissue is appropriately cleared, followed by staining in Alizarin Red solution (0.03% Alazarin Red, 1% KOH, water) for 24 h. Skeletons were cleared in 1% KOH/20% glycerol solution and transferred to a 1:1 glycerol:95% ethanol solution. For the quantification of the anterior mandible shortening, mandibles were removed from the skull and separated into left and right mandible bones. Mandibles were visualized using a Leica MZ12.5 dissecting scope and digital photographs were taken using a Leica DC500 camera. Mandible measurements were taken in arbitrary units as shown in Figure 2P for each P0 newborn pup embryo using ImageJ software (NIH). The XLSTAT (Addinsoft) software package for Microsoft Excel was utilized to perform statistical analysis by ANOVA.
Histological analysis, whole-mount in situ hybridization and X-gal staining Embryos to be used for histological analysis were fixed with Bouin's fixative for at least 48 h, rinsed thoroughly in multiple changes of 70% ethanol and processed for paraffin embedding using a Leica TP1020 automated tissue processor. Sections were cut at a thickness of 7 mM and with hematoxylin and eosin using standard protocols. Whole-mount in situ hybridization was performed on the basis of previously described protocols (72) using a BioLane HTI for post-hybridization washes and antibody incubations, followed by visualization with BM 
0 -AGGTGTGGGTTTGCCAATAA-3 0 ) probes were used in this analysis and they show identical patterns of expression. In brief, RT-PCR products amplified from total RNA isolated from wild-type P0 heads were cloned into pPCR-script Amp SKþ (Stratagene, Cedar Creek, TX, USA), and digested plasmid DNA was in vitro-transcribed to produce antisense (BamHI, T3) and sense (NotI, T7) digoxigen-labeled probes. Whole-mount and section X-gal staining was performed as described (73) . E13.5 -E15.5 embryos were fixed in 2% formaldehyde, 0.2% glutaraldehyde for 1.5-2 h on ice, infused with 30% sucrose for at least 24 h, cryoembedded in OCT, cut into 15 mm sections and stained.
Antibodies, western blotting and immunofluorescence N-terminal and middle Prdm16-specific cDNA was amplified from a murine full-length Prdm16 expression plasmid (N-terminal: exons 1 -2, amino acids 4 -62; middle: exon 9, amino acids 451-678) using PfuUltra II Fusion HS DNA Polymerase (Stratagene) using primers with EcoRI and HindIII restriction sites at the 5 0 ends (Prdm16-Nterm-F,
. Amplified cDNAs were digested with EcoRI and HindIII, ligated into the pET-30c expression vector and sequenced to verify high fidelity amplification. Peptide expression was induced by IPTG in BL21 cells, affinitypurified and submitted for polyclonal antibody production (ProSci Incorporated, Poway, CA, USA). PRDM16-specific antiserum was affinity-purified before use. Western blots were performed using established protocols. Nuclear fractions were isolated from embryonic heads as directed using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce, Rockford, IL, USA). Nuclear fractions (100 mg) were separated on a 6% polyacrylamide gel, transferred to PVDF membrane for 2 h at 600 mA and incubated in the presence of PRDM16 N-terminal (1:7500), middle (1:7500) or b-actin (1:2000, Sigma-Aldrich) antisera, followed by antibody detection using the SuperSignal West Femto Maximum Sensitivity Substrate (Pierce). For immunfluorescent antibody detection of Prdm16 expression, constructs transfected into Mv1Lu cells (2000 cells/chamber) were seeded in eight-chamber CultureSlides (BD Biosciences, Bedford, MA, USA) 1 day prior to transfection. After 24 h, cells were fixed in 3.7% paraformaldehyde for 10 min followed by permeabilization in PBS/ 0.1% Triton X-100. Cells were blocked in 3% evaporated milk in PBS/0.1% Triton for 20 min and incubated with an anti-V5 tag antibody (1:200, Invitrogen) for 1 h at room temperature. After PBS washes, cells were incubated with an FITCconjugated goat anti-mouse secondary antibody (1:500, Sigma) for 30 min at room temperature, washed again in PBS, coverslipped with Vectashield (Vector Labs) containing DAPI for nuclear detection and visualized using a Zeiss Axiophot microscope. Immunofluorescent antibody detection in mouse embryos was performed as follows. Cryosections (10 mm) were rinsed in PBS and blocked for 1 h with 10% goat serum in PBS containing 1% BSA, 0.01% Thimerosal and 0.3% Triton. Sections were incubated with anti-TGFb2 (Santa Cruz Biotechnology, 1/200), anti-TGFb3 (Santa Cruz Biotechnology, 1/200), anti-Phosho-Smad1/Smad5/Smad8 (Cell Signaling Technology, 1/100), anti-Phospho-Smad2 (Zymed Laboratories, 1/200) and anti-SMAD7 (Santa Cruz Biotechnology, 1/100) overnight at 48C. Secondary antibody was AlexaFluor 594 goat anti-rabbit (Molecular Probes), diluted 1/500 and incubated with sections for 1 h at room temperature. All antibodies were diluted in PBS containing 1% BSA, 0.01% Thimerosal and 0.3% Triton. Slides were mounted with Vectashield mounting medium containing DAPI (Vector Laboratories) and visualized using either a Zeiss Axiophot or Axio Imager Z1 microscope.
Expression constructs
All wild-type Prdm16 expression constructs were generated by PCR amplification from a full-length mouse EST clone (GenBank Accession No. CB248179.1) using PfuUltra II HS Fusion DNA polymerase (Stratagene), followed by TOPO-PCR cloning into the pENTR-SD/D-TOPO Gateway entry plasmid (Invitrogen) and subsequent LR Clonase recombination into the pcDNA-DEST40 mammalian destination expression plasmid (Invitrogen) to create C-terminally 6XHis-, V5-tagged PRDM16 fusion proteins. Specifically, Prdm16FL was amplified using primers specific to amino acids 1-1276, including the alternatively spliced 16th exon (Prdm16FL-5 0 F, 5 0 -CACCATGCG ATCCAAGGCGAGGGCGA-3 0 ; Prdm16FL-3 0 R, 5 0 -GAGG TGGTTGATGGGGTTAAAGGCT-3 0 ); Prdm16S, amino acids 186-1276, corresponding to human ATG597 (70) (Prdm16S-5 0 F, 5 0 -CACCATGTGTCAGATCAACGAACAGAT-3 0 ; Prdm16FL-3 0 R). The Prdm16 csp1 expression plasmid was generated by RT-PCR amplification from csp1 mutant total RNA isolated from P0 head tissue (Prdm16FL-5 0 F; Prdm16csp1-3 0 R, 5 0 -CCGTGCTGTGGATATGCTTGTGCTGTTTG-3 0 ), gel purification of the csp1-specific product and cloning as described earlier.
TGFb-responsive luciferase assays
Transfections were performed using FuGene HD and FuGene6 transfection reagents (Roche) for HepG2 and Mv1Lu cells, respectively. Luciferase assays were performed as described previously (44) . Cells were seeded in 24-well plates at a density of 1.5 Â 10 5 cells/well (HepG2) and 0.5 Â 0 5 cells/ well (Mv1Lu) and were transfected 24 h later. We transiently co-transfected HepG2 cells with 100 ng of the reporter plasmid, p3TP-Lux (Firefly luciferase), 100 ng of the transfection control plasmid, pRL-TK (Promega) and 800 ng of the indicated effector expression constructs. For Mv1Lu cells, the plasmid DNA quantities were halved. For dose -response experiments, effector plasmids were co-transfected in the indicated ratio, with total quantity remaining constant as described earlier. Twenty-four hours post-transfection, medium containing either 5 ng human recombinant TGFb1 (PeproTech, Rocky Hill, NJ, USA) or no TGFb1 was added to each well to induce TGFb activity. Luciferase activity was measured after 18 h using the Dual Luciferase Assay System (Promega) and the Veritas Microplate Luminometer (Turner Biosystems, Sunnyvale, CA, USA). Firefly luciferase levels were normalized for transfection efficiency by calculating the ratio of Firefly to Renilla luciferase.
